Isozyme electrophoresis was used to assess possible cospeciation of parasites (cestodes of the Progamotaenia festiva complex) and their hosts (Australian diprotodont marsupials) and to compare the extent of interspecific genetic diversity of the parasites and their hosts. On the basis of morphology, there are three species in the complex, although electrophoresis revealed 14 distinct genetic types, most of which were host specific, although there were three cases of apparent host switching. The evolutionary relationships among the parasites were only partially concordant with those among the hosts. Moreover, the extent of electrophoretic diversity among the parasites was much higher than that among hosts.
Introduction
In spite of numerous studies, no unanimity exists on the extent to which parasitic species cospeciate with their hosts. Studies by Cameron (1929) and Brooks and Glen (1982) on the oxyurid nematodes of primates indicated a high degree of host specificity and a close correlation between host and parasite evolution, as have studies of the digeneans of crocodilians (Brooks 1978) . By contrast, the evolution of heligmosomatid nematodes of rodents as well as of other nematode groups show little correlation with host evolution, and transfer to new hosts (host switching) is an important mechanism in their evolution (Chabaud 1970; Durrette-Desset 197 1) .
We have used isozyme electrophoresis to assess possible cospeciation and host switching in cestodes of the Progamotaenia festiva complex (family Anoplocephalidae), a group of tapeworms found exclusively in the bile ducts of Australian diprotodont marsupials of the families Vombatidae (wombats) and Macropodidae (kangaroos and wallabies).
Virtually nothing is known about the life history of these cestodes. All anoplocephalids whose life cycles are known use oxibatid mites as intermediate hosts (Stunkard 196 I) , although life cycles of none of the Australian anoplocephalids are known. The breeding system of Progamotaenia is also unknown, although on the basis of studies in other cestodes, we may conclude that it is probable that Progamotaenia is capable of facultative self-fertilization (Jones 195 1; Cox et al. 1956; Rogers and Ulmer 1962; Williams and McVicar 1968; Smyth and Smyth 1969; Jones et al. 197 1) .
On the basis of morphology, we may distinguish three species in the P. festiva complex (Beveridge 1976 (Beveridge , 1980 . Progamotaenia diaphana occurs only in the hairy-nosed wombat (Lasiorhinus latifrons), and P. efigia only in the western grey kangaroo (Macropus fuliginosus). By contrast, P. festiva has a wide host range, occurring in the common wombat (Vombatus ursinus), the quokka (Setonix brachyurus), the northern nail-tailed wallaby (Onychogalea unguzjka), the spectacled hair wallaby (Lagorchestes conspicillatus), the central australian rock-wallaby (Petrogale lateralis), the swamp wallaby ( Wallabia bicolor), and various species of kangaroos and wallabies belonging to the genus Macropus (Ad. agilis, M. giganteus, M. robustus, and M. rufus).
In several of these host species, P. festiva occurs in different morphological "forms" that remain distinct even when two or more host species harboring different forms are sympatric (Beveridge 1976) , but the morphological differences have not been considered sufficient to warrant specific distinction. However, a pilot electrophoretic study of cestodes from a limited number of hosts suggested that the different morphological forms were indeed different biological species. It thus appeared that morphology alone was not sufficient for the definition of species in this group-and therefore could also yield misleading phylogenetic hypotheses. We therefore undertook a more detailed isozyme electrophoretic study of the Progamotaenia festiva complex from a wider range of host species in order to investigate the full range of genetic diversity within the group. We included host isozyme profiles in order to compare biochemical genetic diversity in both the parasites and the hosts and to relate biochemical evolution in the parasites to that of the hosts.
Material and Methods

Collection of Specimens
Adult Progamotaenia cestodes were collected from as many host species as possible ( fig. 1 ) , yielding a total of 140 tapeworms from 55 host specimens of 12 species. Specimens were removed from the host immediately after its death, placed in individual containers, frozen on dry ice or in liquid nitrogen, and subsequently stored frozen at -70 C. At least one specimen or part of one specimen was preserved in 10% formalin for morphological examination. All such specimens have been deposited in the South Australian Museum, Adelaide. A sample of liver from the host was similarly treated. Details of tissue preparation and electrophoresis follow the methods of Baverstock et al. (1980) . The distinctions between parasite types within hosts indicated in the caption to figure 1 were made after the electrophoretic results were to hand.
Enzymes
Enzymes stained for, their IUB number, and the abbreviations used for them in this paper were as follows: aconitase 4.2. 17(l), 13(l); parasite: l(l), 3(7), 4( 1); M. dorsalishost: 5(2), 2(l); parasite type "1": l(l), 5(2); parasite type "2": 2(5); kf. fuliginosus-host: 12(2), 9(5), 10(l); parasite: 12(9), 9(10), lO(3); M. gigunteus -host: 13(2), 14( 1); parasite type " 1": 13(6); parasite type "2": 2(8); M. irma-host: 15(2); parasite: 15(8); M. parryi -host: 3(l), 6(l); parasite: 3(l), 6(6); M. robustus-host: 9(l), 7(2), 8(l), 2(3); parasite type "1": 9(4), 7(3), 8(2); parasite type "2": 2(6); parasite type "3": 2( 14); parasite type "4": 2(9); M. rufus-host: 12(l), 1 l(l), 9(l), (6); parasite: 1 l(2), 7( 10): M. purma (zoo animal) Wallabiu bicolor:-host: 14( 1); parasite type " 1": 14( 1); parasite type " 1": 14( 1); parasite type "2": 2( 1); Setonix brucbyunts-host:
16(3); parasite: 16(2); Bettongia penicillata (zoo animal) Lasiorhinus lutifons:-host: 12( 3); parasite 12( 16); Vombatus ursinus-host: 13(2); parasite: 13(2). Distinctions between parasite types within hosts were made only after the electrophoretic results were to hand. dehydrogenase 1.1.1.44 (6PGD), phosphoglycerate kinase 2.2.2.3 (PGK), phosphoglucomutase 2.7.5.1 (PGM), superoxide dismutase (SOD), L-iditol dehydrogenase 1.1.1.14 (SORDH), and triosephosphate isomerase 5.3.1.1 (TPI). Loci encoding these proteins are indicated in italics. Where two loci encoded different isozymes of the same protein, the nomenclature follows that for the human (Harris and Hopkinson 1976) .
Analysis of Data
Samples of cestodes from each host species were treated as single operational taxonomic units (OTUs) except in cases where different genetic types were found in the same host species, in which event each genetic type was treated as an individual OTU. Additionally, cestodes from Macropus giganteus from Bondo State Forest, New South Wales, were treated as an OTU separate from those from A4. giganteus collected near Charters Towers, Queensland, a distance of some 1,800 km. Genetic distances between tapeworm OTUs were calculated using the Nei distance (D) corrected for small sample sizes (Nei 1978) . For hosts, each species was treated as an OTU, and genetic distances calculated as corrected Nei D's
Results
Cestodes Collections
Cestodes were collected from all the known host species with the exception of Onychogalea unguifera, Lagorchestes conspicillatus, and Petrogale lateralis (see fig.   1 
Enzymes
Of the 40 loci stained for, 16 gave sufficient intensity and resolution to be scored confidently (table 1) . A number of proteins that in vertebrates typically occur as isozymes encoded by more than one locus occurred in only a single form in the cestodes (e.g., AK, GOT, and MDH), thus reducing the number of loci scored.
Most loci were polymorphic within at least one OTU of cestode. In these cases, heterozygotes were distinguishable from homozygotes as multibanded versus singlebanded types, indicating that the cestodes are at least diploid. Gene frequencies were calculated assuming diploidy. In some cases, the isozyme banding patterns were sufficiently clear to determine the quaternary structure of the protein. In all such cases, the inferred quatemary structure was the same as that found in vertebrates-namely, ENOL, GPI, MDH, and 6PGD gave triple-banded heterozygotes, indicating a dimeric structure, while MPI, PGK, and PGM gave doublebanded heterozygotes, indicating a monomeric structure.
Genetic Diversity among Cestodes
Within cestodes from A4 robustus, four distinct genetic groups emerged, while cestodes from M. dorsalis fell into two genetic groups as did those from Wallabia 
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Vombatus ursinus (R) . Nei (1978) . They varied from 0 to 0.08, with a mean of 0.03. A phenogram constructed from these data by UPGMA (Sneath and Sokal 1973) is shown in figure 2.
It is apparent that the cestode genetic data bear little resemblance to the species-level taxonomy of the group based on morphological criteria, genetic differences between the species P. efigia and P. diaphana and any single form of P. festiva being no greater than those among the forms of P. Of the four genetic groups of cestodes found within M. robustus, one was restricted to South Australian M. robustus (A4 robustus "I"). The remaining three forms were found in M. robustus from the vicinity of Charters Towers in Queensland. A4. robustus "2" and M. robustus "3" were occasionally found in the same individual host, but nine M. robustus "4" were found exclusively in a single host individual (table 1) The cestode operational taxanomic units are designated according to the host species from which they came. Where a particular host species harbored more than one genetic type of cestode, the different types are differentiated by Arabic numerals. Also shown are the species designations of the cestodes according to Beveridge (1976 : Pf = Progamotaenia festiva, Pe = P. efigia, and Pd = P. diaphana. 2 and fig. 2 ).
The only two cestodes taken from II? bicolor were genetically very distinct, the Queensland specimen differing from the Victoria specimen by a D of 1.13. Yet the Queensland specimen was essentially identical to A4. robustus "2" from the same area (table 2 and fig. 2 ). The Victorian specimen, on the other hand, was unique ( fig. 2) . The two forms of cestodes found in M. dorsalis differed by a D of 1.63. One form, from near the coast at Milman, was unique to M. dorsalis (M. dorsalis "I"), while the other, from inland at Warrawee Station (M. dorsalis "2"), was identical to the cestodes taken from A4. agilis on the coast (D = 0).
The only other species of host that was sampled over a broad geographic area was M. giganteus. Here, cestodes from hosts taken in Bondo State Forest, New South Wales, were essentially identical (D = 0.02) to cestodes taken from hosts collected in the Charters Towers area, Queensland, a distance of 1,800 km.
Phylogenetic Relationships among Cestodes
The UPGMA phenogram shown in figure 2 can be taken to indicate phylogenetic relationships among cestode OTUs if the rate of gene substitution does not vary extensively among different branches (Tateno et al. 1982) . In the absence of a suitable outgroup to test for differential rates, we do not believe that such an assumption is justified. On the other hand, we do not believe that cladistic methods, using either pure Hennigian procedures (Baverstock et al. 1979) or parsimony procedures (Felsenstein 1983) , can be justified in this case, precisely because the extent of genetic divergence among the cestode OTUs is so high. Once Nei D's exceed 1.00 (corresponding to an I of 0.36, i.e., sharing the same common allele at about 30% of loci), the proportion of similarities due to electrophoretic convergence becomes very high-perhaps about half (see Maxson and Maxson 1979 Tateno et al. 1982; Nei et al. 1983) . A major feature of these papers is that there seems to be little agreement on which methods are the most appropriate. We have chosen to use the Distance Wagner method of Farris (1972) , since Tateno et al. (1982) have suggested that it is superior to other methods when the coefficient of variation in branch lengths is large.
The Wagner tree ( fig. 3) 
Discussion
Genetic Diversity in "Progamotaenia festiva"
The most significant result to emerge from the present study is the extensive electrophoretic diversity among samples of "P. festiva."
Progamotaenia is probably at least sometimes self-fertilizing, since single gravid specimens occurred commonly in the hosts sampled. Nevertheless, it is apparent that it is not an obligate selfer, since obligate selfing would lead to total homozygosity, yet levels of polymorphism and heterozygosity are about normal. Therefore, the occurrence in broad sympatry of distinct genetic forms indicates that the forms are not exchanging genetic material despite the opportunity to do so and are therefore distinct biological species. On this basis, different species of Progamotaenia occur in Macropus rufus, M. fuliginosus, M. robustus, and Lasiorhinus latifrons in South Australia, in M. giganteus, Wallabia bicolor, and Vombatus ursinus in Victoria, in M. parryi, M. agilis, and M. dorsalis in subcoastal Queensland, and in M. robustus and M. dorsalis in inland Queensland. Moreover, the occurrence within individual M. robustus from inland Queensland of two distinct genetic forms of cestode argues strongly that they represent two species.
The different genetic forms occurring in allopatry are also probably separate species. For example, the form of Progamotaenia occurring in Setonix brachyurus from Rottnest Island, Western Australia, differs from all other forms by D's >0.8. The two genetically most similar forms of Progamotaenia in allopatry are those from M. irma and M. robustus (type "I"), which differ by a D of 0.2 1. This value is considerably higher than that usually found among taxa of the same species (Ayala 1976) . "Progamotaenia festiva" as currently recognized therefore probably consists of at least 12 distinct biological species.
Genetic versus Morphological Divergence in the Cestodes
It is apparent that patterns of genetic differentiation in the Progamotaenia species complex bear little relationship to the pattern of morphological divergence. For example, the cestodes occurring in the two species of wombats, L. latifrons and V. ursinus, are genetically more like each other than either is to any other cestode ( fig. 1 ). Yet the cestode from K ursinus is so similar morphologically to that occurring in the Macropodidae that Beveridge (1976) treated it as the same species Where an allele is fixed (100%) in an OTU, the allele frequency is not given. An ellipses indicates that locus is not storable.
(P. festiva), while the cestode occurring in L. Zatifons is sufficiently distinctive morphologically to allow continued use of the name P. diaphana (Beveridge 1980) . Similarly, P. efigia is morphologically distinct from all forms of "I? festiva" (Beveridge 1980 ), yet "P. festiva" from M. agilis is genetically more similar to P. efigia than it is to "P. festiva" from other Macropus species. 
Host Switching
All marsupial host species examined therefore carry one or more distinct species of Progamotaenia, and sometimes, as in M. giganteus, the same species occurs in host populations separated by up to 1,800 km. Exceptions presumably due to "host switching" were noted in M. robustus, W. bicolor, and M. dorsalis. At Table 4 Matrix of Genetic Distances between Operational Taxanomic Units of Hosts Charters Towers, one M. robustus had cestodes identical to those found in M. rufus in South Australia. Although A4. rufus was not collected in Queensland, the species does occur in low numbers in the Charters Towers region (Lavery and Johnson 1968) , providing the opportunity for the transfer of cestodes. In southeastern Australia, IV. bicolor has a distinctive form of P. festiva; in north Queensland, W'. bicolor is not normally parasitized by P. festiva (I. Beveridge, unpublished data), but in the single instance recorded here, the cestode was identifiable electrophoretically as identical with one of the forms found in A4. robustus with which W bicolor is sympatric in the collection area. Cestodes taken from M. dorsalis inland at Charters Towers and from A4. agilis near the coast at Inkerman and Bowen were fixed for the same allele at 15 loci and shared the most common allele at the sixteenth locus. Presumably these cestodes are the same species occurring in different host species. Yet M. dorsalis collected from coastal areas had another distinct form of cestode.
Although the present study has clearly indicated three cases of host switching, the evolutionary consequences are unknown. Thus, where a species of cestode is found in two different hosts, only one may be the natural host, and the cestodes in the other host may fail to reproduce. Such instances are known in other cestodes (e.g., Beveridge and Coman 1978) , so that host switching per se does not necessarily lead to lack of cospeciation between host and parasite. 334 Baverstock, Adams, and Beveridge 
Phylogeny of Hosts versus Parasite
The genetic data for the host species are in general accord with current concepts of phylogeny of the group. The wombats (Vombatidae) are genetically distinct from the kangaroos (Macropodidae).
Within the Macropodidae, there is a clear separation between Bettongia penicillata (Potoroinae) and the genera Macropus, Wallabia, and Setonix (Macropodinae).
Then Macropus forms a monophyletic assemblage to the exclusion of Wallabia and Setonix. However, both Wallabia and Setonix are about equidistant from Macropus. Richardson and McDermid (1978) concluded in their analysis based on 28 blood proteins studied electrophoretically that, genetically, Wallabia bicolor belonged within the genus Macropus. The present data are more in accord with fossil data that show Wallabia extending back to the early Pliocene before the appearance of Macropus in the late Pliocene-early Pleistocene (Bartholomai 1978) .
The electrophoretic data also place Setonix surprisingly close to Macropus. Kirsch's ( 1977) serological data suggested a much wider separation, a view supported to some extent on the basis of morphological criteria (Archer [ 198 11; although see Flannery [ 19831) . However, microcomplement fixation (MC'F) of albumin shows a very close relationship between Setonix and Macropus (P. R. Baverstock, unpublished data), while hybrids between S. brachyurus and M. eugenii are known (D. Hayman, personal communication).
The clades suggested within Macropus by the electrophoretic data are supported by other data. M. fuliginosus and M. giganteus are monophyletic on morphological, immunological, chromosomal, and other electrophoretic grounds (Kirsch 1977; Richardson and McDermid 1978; Rofe 1978 ). An M. rufus/M,robustus clade is also supported by other data (Kirsch 1977) . Other data would also support a clade of the subgenus Prionotemnus (M. dorsalis, A4. parma, M. parryi, M. agilis, and M. irma) (see Richardson and McDermid 1978) , although our data failed either to include or exclude M. agilis and M. irma from such a clade.
In view of both the extensive electrophoretic divergence among the species of cestodes and the small number of loci studied, attempts to infer a phylogeny for the whole group would be unwise. However we can ask if there is any evidence for cospeciation of host and parasite given the above Diprotodontid clades. The two wombats, for example, are clearly monophyletic, and the cestodes they carry are genetically more similar to each other than any is to any other cestode studied. Thus, the host and parasite may have cospeciated in this case. However, all other searches for possible cospeciation fail. Thus, M. fuliginosus and M. giganteus, the two species of hosts that differ the least (D = 0.03) carry cestodes that are genetically more like cestodes of other hosts than they are like each other ( figs. 2 and 3) . The interpretation of the evolutionary relationships among the cestodes of the M. rufus/M. robustus clade is confounded somewhat by the presence of four different species of cestode within A4 robustus. One of these (M. robustus "4") is electrophoretically identical to that in M. rufus, presumably as a result of host switching. All of the other three species of cestodes found in M. robustus are each electrophoretically more like those of other species of host than M. rufus. There is therefore little evidence for cospeciation of hosts and parasites. Presumably host switching is at least occasionally successful and can lead to new evolutionary branches in the parasite.
Genetic Divergence among Cestodes versus Hosts
The cestodes are far more divergent genetically than the hosts. For example, the members of the Macropodinae (Macropus, Setonix, and Wallabia) differ from each other at a maximum D of 0.42, while most species of the forms of Progamotaenia from Macropodinae differ from each other by D's far exceeding this value, the maximum being 2.07. Indeed, only three species have D's < 0.42-those from M. irma, M. robustus "I", and M. dorsalis "1" (D = 0.2-0.3) .
Such a direct comparison is possibly confounded somewhat by the choice of loci. Different loci have different evolutionary rates (Sarich 1977) , and therefore the extent of electrophoretic divergence between taxa can be influenced by the choice of loci. In the present study, 13 of the proteins scored in the hosts were also scored in the cestodes. It may be unwise, however, to compare genetic divergence of hosts and parasites even for these 13 loci alone, because homologies are uncertain. As indicated earlier, a number of proteins that typically occur in vertebrates as isozymes encoded by different loci occur in a single form in Progamotaenia (e.g., AK, GOT, and MDH). Even where single isozymes occur in both host and parasite, the inference of homology across phyla seems unwise.
Notwithstanding the above, it seems unlikely that the difference in extent of genetic divergence between macropod hosts and macropod parasites can be wholly accounted for by the choice of loci. Three other hypotheses deserve consideration: (1) There has been host switching in the past, for example between wombats and kangaroos. (2) The common ancestor of Progamotaenia underwent speciation and divergence long before the evolution of the contemporary Macropodids.
(3) The rate of molecular evolution in the parasite has been much higher than in the host.
Because we have clear evidence for host switching in Progamotaenia (hypothesis l), it is not possible to test the other two hypotheses with the present data. Moreover, we have no information on the intermediate host and its possible role in speciation in Progamotaenia.
